Decreased renal excretion of sodium is a wellknown feature of the immediate postoperative state (1-3). The mechanisms responsible have, however, not been clearly defined. While increased adrenal cortical secretion such as is generally associated with major surgical procedures (4-9) has been causally implicated by many investigators (1, 3, (10) (11) (12) (13) , there is considerable evidence that the changes in sodium excretion are independent of variations in the supply of adrenal cortical hormones (14-18).
Decreased renal excretion of sodium is a wellknown feature of the immediate postoperative state (1) (2) (3) . The mechanisms responsible have, however, not been clearly defined. While increased adrenal cortical secretion such as is generally associated with major surgical procedures (4) (5) (6) (7) (8) (9) has been causally implicated by many investigators (1, 3, (10) (11) (12) (13) , there is considerable evidence that the changes in sodium excretion are independent of variations in the supply of adrenal cortical hormones (14) (15) (16) (17) (18) .
The extracellular fluid volume, or more precisely that portion of it which is physiologically "effective," has been shown to be a major determinant of renal sodium excretion in normal individuals (19) (20) (21) . Therefore variation in this volume warrants consideration as a possible etiological factor in the decreased postoperative excretion of sodium. The observations that fluid sequestration occurs in and about the traumatized tissues both in animals and in man indeed suggests that a dislocation of the body fluids may occur in the surgical patient and result in a contraction of the effective extracellular fluid volume.
The present study was designed to investigate the effect of isotonic expansion of the extracellular fluid volume on the postoperative response to the administration of sodium chloride. The data indicate that the usually observed impairment in natriuretic response is corrected by isotonic extracellular fluid volume expansion. In addition, studies in a patient with Addison's disease suggest that decreased natriuresis postoperatively occurs independently of enhanced adrenal cortical hormone secretion.
METHODS
Five young males without cardiovascular, renal, hepatic or endocrine disease were studied before and after orthopedic surgical procedures of sufficient extent to produce major surgical trauma (Table I) . One patient (No. 3, A and B) was studied before and after two Moore arthroplasties performed five weeks apart. Orthopedic patients were chosen for study in order to avoid the complicating factors of major gastrointestinal losses of fluids and electrolytes and to allow continued oral intake in the postoperative period. Commencing on the fifth or sixth day before surgery and continuing through the third postoperative day the patients were provided a daily diet containing approximately 43 mEq. of sodium and in addition received nonenteric coated sodium chloride tablets four times daily so that the total sodium intake was 197 mEq. per day. On the day of surgery sufficient isotonic saline solution was given intravenously to maintain the total intake, including the sodium content of the citrated blood, at 197 mEq. Blood loss during surgery was replaced so that in no instance was significant hypotension observed. Oral intake of fluid and food was usually re-instituted by evening of the day of surgery. The daily intake of fluids was recorded in five studies and it was possible to weigh three patients daily. Urine collected over 24 hour periods was analyzed daily for sodium, potassium, chloride, total solute and creatinine by methods previously described from this laboratory (22) . Pre-and postoperative 17-hydroxycorticosteroid excretion was measured by the Reddy method (23) .
On the second, third or fourth day before surgery each patient was studied as follows: After the usual breakfast and two hours of "basal" observation in recumbency a challenging infusion of 2,000 ml. of 0.9 per cent saline was administered intravenously over a 90 minute period. Urine was generally collected at 30 minute intervals from the beginning of the "basal" period until at least three hours after the infusion was begun; thereafter urines were collected at varying intervals for a minimum of three additional hours. Venous blood was obtained at the start of the infusion, 45 minutes later, and at the end of the infusion. Urine and blood were analyzed for sodium, potassium, chloride, creatinine and total solute. In those studies in which inulin and para-aminohippurate clearances were determined, blood was drawn at least hourly for these determinations (24, 25) . 1628
All postoperative experiments were carried out on the second day after surgery. In three of the orthopedic patients (Nos. 1, 3A & 4) the postoperative study was identical with that described preoperatively, except that urines could not always be collected at precisely 30 minute intervals. In the other three studies (Nos. 2, 3B and 5) the challenging infusion of 2,000 ml. of 0.9 per cent saline was administered only after the extracellular fluid volume had been expanded to such an extent that the lowered postoperative "basal" rate of sodium excretion approximated the preoperative "basal" rate. This initial expansion was achieved after two hours of observation by infusing normal saline solution at a rate similar to that used in the preoperative tests. Urine specimens collected during this infusion were analyzed immediately for sodium. When the lowered rate of sodium excretion reached the preoperative "basal" level, the challenging infusion of 2,000 ml. of saline was administered over a 90 minute period. The rest of the study was carried out in a manner identical to the preoperative experiments and to the other postoperative studies.
In addition to the five orthopedic patients, one patient (No. 6) with well-documented Addison's disease was studied before and after cholecystectomy. The relevant clinical data in this patient have been reported elsewhere in connection with other studies (26) . This patient had been symptom-free while taking 50 mg. of cortisone orally each day and receiving monthly injections of desoxycorticosterone trimethylacetate (50 mg.). His last injection of the latter had been given 24 days prior to surgery and none was given subsequently until after the conclusion of the studies reported here. Just preceding the present study the patient had undergone other investigative procedures while receiving a daily diet containing less than 5 mEq. of sodium and an oral dose of 50 mg. of cortisone daily. He was prepared for surgery in the following manner: From the fifth preoperative day through the third postoperative day he 1. Postoperative daily excretion of sodium. On the day of surgery and for the three succeeding days all patients demonstrated some limitation of sodium excretion as evidenced by the fact that they excreted only 42 to 88 per cent of their sodium intake (Table II) . Patient 1, who had the most extensive surgery, had the greatest degree of postoperative salt retention. On the day of surgery and the first postoperative day the decreased quantity of sodium excreted was almost always associated with an even greater reduction in the volume of water excreted, resulting in a more concentrated urine (Table II) . By the second postoperative day there was, in general, slight reduction in the serum concentrations of sodium, chloride, total solute and creatinine, associated with a slight gain in body weight in those patients who could be weighed (Table III) .
2. Natriuretic response to the challenging infusion of saline without prior expansion of the extracellular fluid volume. Postoperatively, all the patients had lower "basal" rates of sodium excretion than preoperatively (Table IV, Figures  1, 2, 3 and 4) . All demonstrated increased natriuresis in response to the challenging infusions of saline. However, in two of the three patients (Nos. 1 and 4) the natriuretic response following surgery was only one-third as great as the preoperative response (Table IV, Figure 5 ). 3 . Natriuretic response to the challenging infusion of saline with prior expansion of the extracellular fluid volume. Two thousand ml., 1,900 ml. and 1,300 ml. of 0.9 per cent saline were administered to Patients 2, 3B and 5, respectively, to raise the "basal" rate of sodium excretion in the postoperative study to the preoperative "basal" level. In each instance the challenging infusion, after prior expansion of the extracellular fluid volume, evoked a greater natriuresis postoperatively than preoperatively (Table IV, Figures 2,  4 and 5). 4. The renal excretion of total solute, chloride and potassium. For the most part, the excretion of total solute and chloride closely paralleled the excretion of sodium. Daily postoperative potassium excretion was generally somewhat lower than in the preoperative period. In most patients there was an increase in potassium excretion following the challenging infusions of sodium chloride in both the pre-and postoperative periods.
S. Changes in glomerular filtration rate (GFR) and renal plasma flow (RPF). In general, the clearances of creatinine, inulin and para-aminohippurate were higher in the postoperative "basal" periods than preoperatively (Table IV) . The challenging infusion of saline did not result in any consistent change in GFR or RPF. (Table II) . After cholecystectomy sodium excretion decreased (Table  II) and a lesser natriuretic response to the challenging infusion of saline was observed (Table  IV) . This patient had difficulty with complete bladder emptying on the day of receiving the challenging infusion postoperatively. Accordingly his sodium excretion is expressed in terms relative to creatinine excretion (Table IV) .
DISCUSSION
The results of the present study confirm previous observations of sodium retention (1) (2) (3) (27) (28) (29) (30) (31) and decreased natriuretic response to salt ad- The cross-notched bars represent the response when only 2,000 ml. of saline was employed in the postoperative "test" infusion, while the solid black bars indicate the natriuretic response to the 2,000 ml. infusion when the rate of sodium excretion was first elevated to at least the preoperative "basal" level.
operative period. In attempting to determine the stimulus for any increased reabsorption, the normal stimuli for tubular conservation of sodium in man must be considered. Since the "effective" extracellular fluid volume is a major determinant of renal sodium excretion in the normal individual (19) (20) (21) , a contraction of this portion of the body fluids might conceivably represent a significant physiological stimulus to postoperative sodium retention. In this regard various observations in animals and man undergoing surgery suggest that such a contraction in the effective extracellular fluid volume may indeed occur postoperatively. For example, sequestration of fluid and electrolytes occurs in and about traumatized tissues and surgical wounds (27, (37) (38) (39) (40) (41) (42) (43) (44) (45) ; fluid accumulates in the intestinal wall and lumen following manipulation during gastrointestinal tract surgery (38, 40, 41, (46) (47) (48) , and in serous cavities (38) following thoracic and abdominal surgery. These collections of fluid may be as great as 4 to 5 per cent of body weight (37, 41, 42, 46) , an amount probably sufficient to result in sodium retention in normal man. Numerous observations suggest that the total extracellular fluid volume may actually be enlarged postoperatively (13, 31, 32, (49) (50) (51) (52) , and indeed in the present study the inulin space, when measured, was increased after surgery. 4 However, such conclusions are based upon an increase in the volume of distribution of a variety of substances presumed to remain in the extracellular compartment, an assumption which may not apply to the same extent postoperatively as preoperatively. In any case, if the total extracellular fluid volume is expanded after surgery, this may well be the result of accumulation in the traumatized areas at the expense of the physiologically effective extracellular fluid volume (37, (41) (42) (43) (44) 46) . The operated patient may thus be likened to a patient with cirrhosis and ascites whose total extracellular fluid volume is expanded, but whose effective volume may well be contracted (53, 54) .
While the mechanism of the decreased "basal" rate of sodium excretion postoperatively is not 4 The volume of distribution of inulin was 16 to 38 per cent greater postoperatively than preoperatively. 38 5 clear, the possibility exists that it is a reflection of a contracted effective extracellular fluid volume. Indeed recent studies of Strauss, Lamdin, Smith and Bleifer have demonstrated that the renal excretion of sodium is altered by extremely small changes (1 per' cent) in extracellular fluid volume (55) . Consequently, the attempt was made to expand the effective extracellular fluid volume (in Patients 2, 3B and 5) -with saline to the extent that the "basal" rate of sodium excretion postoperatively would be in the same range as in the preoperative values. Under these conditions the challenging infusion of saline evoked a greater natriuresis than in those instances without prior expansion of effective extracellular fluid volume. The fact that this natriuretic response following expansion of the extracellular fluid volume actually exceeded that of the preoperative response may be related to the fact that more saline was given prior to the challenging load than was actually required.
This was in part due to the slight delay in determining the sodium content of the urine during which time the infusion of saline was continued, and to the fact that the peak natriuretic response to the expanding infusion had probably not yet been attained when the challenging infusion was begun.
If the sequestration of fluid following surgery accounts for the decreased natriuretic response to salt administration by producing a contraction of the effective extracellular fluid volume, it might be expected that restoration of this volume would prevent the diminished postoperative natriuretic response. On the other hand the fact that expansion of the extracellular fluid volume actually resulted in an increased natriuretic response in the postoperative period, does not constitute proof that the diminished rate of excretion was due to a contracted volume. It may well be that other stimuli for increased renal sodium reabsorption were in some way influenced, modified or overshadowed by extracellular fluid volume expansion. Nevertheless, in view of other observations, previously discussed, which suggest the possibility of decreased effective extracellular fluid volume postoperatively, the present studies may be considered consistent with the thesis that following major surgery, a contracted volume may play an important role in producing the observed limitation in sodium excretion. The manner in which such a volume stimulus is perceived and the pathways of mediation to the renal tubule remain unknown both in the surgical patient and in the normal subject (19) (20) (21) . Regardless of the precise mechanisms involved, the data indicate that postoperative patients without hepatic, renal, cardiopulmonary or endocrine disease retain the ability to excrete large amounts of administered saline at a rate comparable to the preoperative period, if their "basal" rate of sodium excretion is first increased to the preoperative level by the administration of isotonic sodium chloride.
The increased adrenal activity (17-hydroxycorticosteroids and aldosterone) associated with major surgical procedures (4-13, 56) has been frequently implicated as causative of the sodium retention of the postoperative period (1, 3, 5, [10] [11] [12] [13] . There are important observations, however, which suggest that increased endogenous adrenal cortical activity is not essential to the postoperative abnormalities of sodium metabolism (14) (15) (16) (17) (18) . In adrenalectomized animals and man, and in patients with Addison's disease, normal fluctuations in sodium excretion can occur in response to changes in volume (19, 26) or pathological conditions (57-59) despite a constant supply of adrenal hormones. Similarly, the response, insofar as sodium excretion is concerned, to standardized trauma in adrenalectomized animals receiving constant doses of adrenal cortical extract differs in no way from nonadrenalectomized animals experiencing similar trauma (14) . Indeed, adrenalectomized animals kept alive with large salt intakes, but without adrenal cortical steroids, also show identical phenomena (18) . In man, observations made immediately after bilateral adrenalectomy or after other surgical procedures in adrenalectomized patients have also revealed postoperative sodium retention (31, (60) (61) (62) . This retention is of greatest significance in those studies in which hormonal dosage (and usually sodium intake as well) was kept constant (15) (16) (17) . In the present study Patient No. 6, with Addison's disease, demonstrated marked and rapid renal sodium conservation while taking a diet low in sodium prior to the study reported here. In addition, both sodium retention and a diminished natriuretic response to saline administration were observed in this patient postoperatively, despite a constant supply of exogenous adrenal hormones and the presumed absence of the endogenous secretion of either aldosterone or hydrocortisone. The possibility that surgery in some way altered the metabolic effects derived from the exogenous supply of hormone cannot, of course, be excluded, but it seems highly improbable that these effects would be enhanced.
While the increased plasma levels of 17-hydroxycorticosteroids, so frequently reported, on the day of surgery are perhaps in part due to decreased plasma clearance of these substances (63) (64) (65) (66) , it would be unlikely that diminished plasma clearance would account for significant plasma levels by the second postoperative day (67) . Furthermore, the effect of hydrocorticosterone is not clearly that of producing increased tubular reabsorption of sodium, and in fact under certain circumstances there is evidence to suggest that such hormones may actually produce increased sodium excretion (68) . It would appear that the increased aldosterone secretion associated with major surgical trauma (3, 69, 70) is not necessarily the prime mover in postoperative sodium retention, and almost certainly not in the adrenally insufficient subjects in whom sodium retention occurred despite all evidence indicating the complete lack of this hormone. Whether aldosterone plays any role in the production of altered sodium metabolism in the surgical subject with normal adrenal glands, remains unclear. Since a contraction of the volume has been shown to be a stimulus for aldosterone secretion (71) , it is possible that if there is such a contraction postoperatively it may at least in part be responsible for the observed increase in urinary aldosterone. While both increased aldosterone secretion and decreased sodium excretion may be related to a contraction of the effective extracellular fluid volume, this does not imply any necessary causal relationship between these two effects.
The decreased potassium excretion that occurred following surgery in this study is in contrast to the observations reported by others (1) (2) (3) . Since the intake of potassium was not strictly controlled, this decrease is probably accounted for by a reduced intake on the day of surgery and the first postoperative day.
The observation of decreased volumes of concentrated urine following surgery is similar to the observations reported by others (2, 3) . This decreased excretion of water has been ascribed to increased antidiuretic hormone secretion (ADH) (3, 33, 72) which might well result from such factors as pain, emotion and a decreased effective extracellular fluid volume (21) . While morphine and meperidine also result in decreased urine flow (73) , this effect is probably independent of ADH secretion in man, as distinguished from its mechanism of action in animals (74, 75) .
SUMMARY AND CONCLUSIONS
1. Postoperative and preoperative natriuretic responses to the intravenous administration of 2,000 ml. of 0.9 per cent saline were compared in five patients undergoing major orthopedic surgery. One patient was studied twice.
2. In all patients, the rate of sodium excretion prior to the infusions of saline was less in the postoperative experiments than preoperatively.
3. The diminished sodium excretion on the second postoperative day occurred despite a generally increased glomerular filtration rate, implying increased tubular reabsorption of sodium.
4: In two of three patients given the challenging infusion without prior expansion of the extracellular fluid volume postoperatively there was a strikingly smaller natriuretic response than preoperatively.
S. In each of three patients given the challenging infusion with prior isotonic expansion of the extracellular fluid volume postoperatively, the natriuretic response was at least as great as preoperatively. 6 . One patient with Addison's disease, receiving a constant daily intake of hydrocortisone and saline, also demonstrated decreased sodium excretion and decreased natriuretic response to administered saline following major abdominal surgery.
7. These data are consistent with but do not prove the hypothesis that the postoperative limitation in sodium excretion, may to a significant extent, result from a contraction of the "effective" extracellular fluid volume.
8. Decreased postoperative sodium excretion, as well as the impaired natriuretic response to administered saline, apparently does not require enhanced adrenal cortical secretion.
